Introduction {#Sec1}
============

The chromium selenospinels are well-known ferromagnetic and antiferromagnetic semiconductors with unique electrical properties \[[@CR1]--[@CR4]\]. The general chemical formula of the compounds can be written as (A)\[Cr~2~\]Se~4~, where A^2+^ represents Cd^2+^, Zn^2+^, Cu^2+^, and Co^2+^ cations. The single crystals of the spinels are grown by a chemical vapour transport method with anhydrous chromium chloride as a transporting agent. This process leads to a growth of the single crystals of dimensions from approximately 0.5 to 5 mm (Fig. [1](#Fig1){ref-type="fig"}) and containing various amounts of the doped elements. Since chemical composition strongly influences electric and magnetic properties of these materials \[[@CR1]--[@CR3]\], detailed information on their stoichiometry is required. The chemical composition can be determined after sample digestion using, for example, inductively coupled plasma optical emission spectrometry (ICP-OES) \[[@CR4]\] or wavelength-dispersive X-ray fluorescence spectrometry (WDXRF) \[[@CR5], [@CR6]\]. However, the nondestructive methods are much more desirable because investigation of the physical properties is usually carried out for the materials in crystalline state. X-ray fluorescence techniques are ideal tools for analysis of advanced materials of both bulk and thin layers \[[@CR7]--[@CR9]\]. Recently, the nondestructive analysis of monocrystals and polycrystals by using a laboratory-constructed energy-dispersive X-ray fluorescence spectrometry with monochromated primary radiation has been described \[[@CR10]\]. Fig. 1The single crystals of Zn~1 − *x*~Cd~*x*~Cr~2~Se~4~ spinels

In the present paper, the application of other nondestructive X-ray spectroscopy methods for elemental analysis of the chromium selenospinels of the general formula M~*x*~N~*y*~Cr~z~Se~4~ (where M^2+^ and N^3+^ are Zn^2+^, V^3+^, Ga^3+^, Cd^2+^, In^3+^, and Sb^3+^) is discussed. The synthesized crystals of various compositions were studied by micro-X-ray fluorescence spectrometry (μ-XRF), energy-dispersive electron probe microanalysis (ED-EPMA), and X-ray photoelectron spectroscopy (XPS). The results of the nondestructive techniques are compared with those obtained from ICP-OES and WDXRF, both requiring the digestion of specimen.

Experimental {#Sec2}
============

**μ-XRF** The single crystals of the spinels of dimensions from approximately 1 to 3 mm were analyzed without any previous treatment. The measurements were performed with the laboratory-constructed spectrometer described in details in \[[@CR11]\]. The samples were excited by an X-ray beam from the air-cooled side-window Rh target of the X-ray tube of 125-μm thickness Be window and approximately 100-μm nominal focal spot size (XTF 5011/75, Oxford Instruments, USA). The X-ray tube was supplied with XLG high-voltage generator (Spellman, USA). The size of the analyzed area may be optimized with the tungsten pinhole collimators of the diameter of 100, 200, 400, 1,000, and 2,000 μm, ensuring the focal spot sizes of 169, 280, 581, 1,469, and 2,888 μm, respectively. The X-ray spectra emitted by the sample were collected by a thermoelectrically cooled Si-PIN detector (XR-100CR Amptek, Bedford, MA, USA) of 6-mm^2^ active area, 500-μm crystal thickness, and 12.5-μm Be window thickness. The resolution of the Si-PIN detector cooled to the temperature of approximately −55 °C was 145 eV at 5.9 keV. The detector was coupled to a multichannel analyzer (PX4 Amptek, Bedford, MA, USA). The sample position was adjusted by the X--Y stage and monitored with the CCD camera and two laser pointers.

**EPMA** Microanalysis was performed with EDS analyzer (ISIS-300, Oxford Instruments) coupled to the scanning electron microscope (JSM-5410, JEOL). The accelerating voltage was 20 kV. The takeoff angle was 45°. The X-ray spectra were collected by liquid-nitrogen-cooled Si(Li) detector with energy resolution of 130 eV. The quantitative analysis was carried out using SEMQuant software (Oxford Instruments) and pure element standards from Agar Scientific.

**XPS** The XPS spectra were obtained with monochromated Al Kα radiation using PHI 5700/660 Physical Electronic spectrometer. Its hemispherical analyzer ensures resolution of about 0.3 eV in kinetic energy of photoelectrons. Two different modes of purifying the sample from contaminations were applied and compared. In the first run of the experiment, the surface of the sample was scrapped in situ at 10^−10^-hPa vacuum. In the second run, the profiles were measured by sputtering the outer layer of the sample with contaminations at 1 kV with Ar^+^.The following spectra were measured: (1) an overview of the binding energy in the range −2 to 1,400 eV; (2) the high-resolution spectrum of the valence band in the region −2 ÷ 20 eV; and (3) the core-level characteristic peaks for Se 3*d*, Cr, Cd, and Zn 2*p*~*3/2*~. The accurate chemical composition was determined from the core-level characteristic peaks. The background was subtracted using Tougaard's approximation.

**WDXRF** The single crystal was weighed on a microanalytical balance (the masses of analyzed samples were usually between 5 and 20 mg). Then the crystal was digested in a 20-mL baker in aqua regia (1.5 mL of concentrated HCl and 0.5 mL of concentrated HNO~3~). After 20 min of heating, the material became completely dissolved. The solution was transferred into a 10-mL volumetric flask and filled up to the mark with water. Next, 0.5 mL of the solution was pipetted onto the Whatman filter (21 mm in diameter) and dried under IR heater. The standard samples were prepared by pipetting appropriate solutions of analytes onto the Whatman filters. The prepared samples were analyzed using a wavelength-dispersive X-ray spectrometer with LiF(200) analyzing crystal and the silver target X-ray tube operating at 45 kV and 40 mA.

**ICP-OES** The single crystals were digested in the same way as for the WDXRF measurements. The obtained solutions were measured using a sequential spectrometer with an excitation in the ICP plasma made by a SPECTRO Analytical Instruments (Germany) with the following parameters: frequency 27.12 MHz, power 1.1 kW, torch Ar/Ar/Ar (quartz, demountable), coolant gas 14.0 L min^−1^, auxiliary gas 0.5 L min^−1^, nebulizer gas 1.0 L min^−1^, nebulizer concentric Meinhard, nebulizer pressure 2.4 bar, spray chamber of glass, according to Scott, sample rate 1.0 mL min^−1^, observation height 11 mm, holographic grating 2,400 grooves per milliliter, dispersion of grating in first reciprocal order 0.55 nm mm^−1^, and wavelength range of monochromator 165--460 nm.

Results and discussion {#Sec3}
======================

The μ-XRF spectrometry is a valuable tool for the nondestructive multielemental analysis of small specimens. Moreover, this low-cost and non-time-consuming technique can successfully be applied in the screening analysis. Therefore, μ-XRF spectrometry is an ideal tool for the analysis of single crystals of selenide spinels synthesized by chemical vapour transport method. The chemical vapour transport process leads to a growth of a few dozen monocrystals of sizes from approximately 0.5 to 5 mm. Moreover, each monocrystal can be doped with various amounts of element to be interested.

The quantitative μ-XRF analysis was performed using the standardless fundamental parameter (FP) method based on the Sherman equation \[[@CR12]\] and Pella et al. algorithm \[[@CR13], [@CR14]\] to calculate the X-ray tube spectrum. Our previously reported experiments \[[@CR11]\] have shown that the applied pinhole collimators did not modify the spectral distribution of the X-ray tube that is important in FP methods, especially in the standardless analysis. Although μ-XRF spectrometry has many advantages, the accurate results for the single crystals can be obtained if several experimental requirements are met. To these belongs the crystal sample positioning in order to avoid an appearance of strong reflections of the Bragg diffraction. Figure [2](#Fig2){ref-type="fig"} presents the X-ray spectra for Zn~1 − *x*~Cd~*x*~Cr~2~Se~4~ collected at various crystal positions. The high-intensity diffraction peaks can be observed if the incidence and takeoff angles are equal 45°. Two problems arise: the diffraction peaks can be misidentificated and first of all the calculated net intensities of fluorescent radiation can be overestimated or underestimated after deconvolution of the spectrum. If the analyzed crystal takes such an orientation that the incidence and takeoff angles are equal 40° and 50°, respectively, the diffraction peaks may be eliminated, as shown in Fig. [2](#Fig2){ref-type="fig"}. Thus, the question is whether the crystal orientation (and diffraction peaks) affects the quantitative analysis. The results of the μ-XRF measurements carried out for the crystal set in various positions are given in Table [1](#Tab1){ref-type="table"}. They show that the diffraction peaks have influence on the quantitative analysis; especially, the Zn concentrations differ rather significantly. It should be emphasized that the results are normalized during the calculations; therefore, the determined element concentrations are strongly correlated. Fig. 2X-ray spectra of Zn~1 − *x*~Cd~*x*~Cr~2~Se~4~ collected at various positions of crystal. The high-intensity diffraction peaks (*D*) can be observed if the incidence and takeoff angles are equal 45°Table 1EDXRF analysis for the Zn~1 − *x*~Cd~*x*~Cr~2~Se~4~ single-crystal set in various positionsZnCdCrSeEDXRF 45°/45°11.29 ± 0.084.5 ± 0.120.6 ± 0.263.6 ± 0.2EDXRF 40°/50°10.73 ± 0.084.5 ± 0.120.9 ± 0.263.8 ± 0.2Rel. difference (%)5.20.221.80.28Measurements were done using a 200-μm collimator. Results are in percent (*m*/*m*)

The diffraction peaks are not the only source of the potential error in the analysis. High-quality results from the standardless FP method can be obtained if the assumed geometry of measurements (incidence and takeoff angles) is assured. Fortunately, the synthesized crystals have well-formed flat faces that enables easy sample adjusting. Nevertheless, various positions of the sample may strongly influence the quantitative results of the μ-XRF analysis; therefore, this effect was checked in detail. Figure [3](#Fig3){ref-type="fig"} shows the relationship between the intensity of fluorescent radiation of Cr and Se and the position of the Zn~0.81~Cd~0.20~Cr~1.99~Se~4~ crystal. Figure [3](#Fig3){ref-type="fig"} presents also the Cr and Se concentration calculated by the standardless FP for each crystal position. It can be noticed that in a wide range of the sample positions the results are close to those obtained for the sample in the central position, even if the analyzed crystal is only partially irradiated by an X-ray beam. This can be explained by the fact that all elements in the crystal are quantified, and the results are normalized during the FP calculations. Table [2](#Tab2){ref-type="table"} presents the analysis for Zn~0.81~Cd~0.20~Cr~1.99~Se~4~ crystal of dimensions of 900 μm adjusted in the central position and ±600 μm off-center, where the specimen is only partially excited by the primary X-ray beam. In the off-center position, the fluorescent radiation is emitted not only from the front but also from the slanted faces of the crystal. Table [2](#Tab2){ref-type="table"} presents also the analysis performed with the 2,000-μm collimator, which gives the 2,888-μm focal spot size, thus larger than the crystal size. These results indicate that the best accuracy can be obtained if the crystal is precisely set in the central position. Fig. 3The intensity of the fluorescent radiation of Cr and Se versus the position of the Zn~0.81~Cd~0.20~Cr~1.99~Se~4~ crystal. The crystal size is approximately 900 μm and the pinhole collimator 200 μmTable 2EDXRF analysis for Zn~0.81~Cd~0.20~Cr~1.99~Se~4~ crystal in the center and in the position ±600 μm off-centerElementIn center+ 600 μm off-center−600 μm off-centerIn the center(280 μm focal spot size)(280 μm focal spot size)(2,888 μm focal spot size)% (*m*/*m*)% (*m*/*m*)Relative difference (%)*%* (m/m)Relative difference (%)% (*m*/*m*)Relative difference (%)Zn10.7310.91.910.80.910.80.9Cd4.54.506.2384.98.9Cr20.921.63.318.9−9.620.4−2.4Se63.863.0−1.364.10.563.90.2

Taking into account the effect of crystal position on the results of analysis, the precision under repeatability conditions was evaluated for several monocrystals. Table [3](#Tab3){ref-type="table"} gives exemplary analyses for Zn~0.81~Cd~0.20~Cr~1.99~Se~4~. The measurements were repeated for the same and for various positions of the crystal. The standard deviations (SD) calculated for various positions are two to four times higher than those calculated for the measurements carried out without moving the sample. In general, if the crystal is precisely positioned, the relative standard deviation (RSD) should not be higher than 2%. Table 3μ-XRF analysis for the single crystal of ZnCdSrSe kept in the same position and from various sides of the crystalNo. of measurementThe same position of the crystalVarious sides of the crystalZnCdCrSeZnCdCrSe110.734.5020.9063.8010.734.5020.9063.80210.794.3820.7764.0010.834.4020.8963.84310.774.4020.7963.9910.714.6220.5164.10410.764.3820.9563.8410.724.5220.6264.10510.714.4220.8863.9110.644.5820.0564.70Mean10.754.4120.8663.9110.734.5220.5964.11SD0.030.050.080.090.070.090.350.36RSD (%)0.301.20.360.140.631.91.70.56Results are in percent (*m*/*m*)

The results of μ-XRF analysis obtained by using the standardless FP method were compared with those resulting from ICP-OES and WDXRF, requiring the sample digestion. For this purpose, the measurements were done for several crystals of ZnCr~2~Se~4~, CdCr~2~Se~4~, and CuCr~2~Se~4~ doped with V, Ga, In, and Cd \[[@CR15]--[@CR18]\]. The agreement between the results appears to be quite good, as the relative differences in the analyses do not exceed 5%. Figure [4](#Fig4){ref-type="fig"} shows the relationships between the indium concentration in seven samples of Cu~*x*~In~*y*~Cr~*z*~Se~4~ determined by μ-XRF and WDXRF or ICP-OES. The mean relative difference between μ-XRF and WDXRF is approximately 3%, whereas between μ-XRF and ICP-OES it amounts approximately to 4%. Fig. 4The concentration of indium determined by μ-XRF and WDXRF (ICP-OES) in seven crystals of Cu~*x*~In~*y*~Cr~*z*~Se~4~

The higher values of SD for various positions of the crystal shown in Table [3](#Tab3){ref-type="table"} may result not only from the low precision in the crystal positioning but also from the inhomogeneous surface of the specimens. The surface inhomogeneity in our samples was investigated by ED-EPMA. To do so, five measurements were made in the same area (50 × 50 μm) of Zn~0.81~Cd~0.20~Cr~1.99~Se~4~ crystal and five other ones in various areas. The resulting analyses are collected in Table [4](#Tab4){ref-type="table"}. They are rather repeatable for the data collected in the same area, whereas the measurements performed in various areas give dispersed results. The concentrations vary within the following ranges: 10.3--14.2%, 4.4--6.0%, 18.9--23.7, and 56.1--65.3% for Zn, Cd, Cr, and Se, respectively. This high dispersion can be explained by an inhomogeneous distribution of the ions in the spinel and also by a rough surface of the sample. Taking into account the inhomogeneity of the surface, the subsequent ED-EPMA measurements were carried out for the larger area of 200 × 300 μm. The exemplary results of μ-XRF and ED-EPMA analyses for ZnInCrSe and CdGaCrSe crystals, together with those from wet analyses (mean value of WDXRF and ICP-OES), are given in Table [5](#Tab5){ref-type="table"}. In general, the relative differences between the nondestructive ED-EPMA and the wet analysis can reach 10%. Moreover, the very high errors should be expected for the elements at concentrations below 1% (*m*/*m*). It results from a nearness to the detection and quantity limits obtained by ED-EPMA. In case of low concentration of the doped elements in selenide spinel, the μ-XRF technique can successfully be applied. Detection limits for μ-XRF vary from 0.01% to 0.05% (*m*/*m*) depending on the element to be determined (experimental conditions: 400-μm pinhole collimator, 45 kV, 1,000 μA, 10-min counting time). Table 4ED-EPMA analysis for ZnCdSrSe single crystal taken from the same and various areas of the sampleNo. of measurementThe same area of the sample (50 × 50 μm)Various areas (50 × 50 μm)ZnCdCrSeZnCdCrSe110.265.0920.3864.2711.424.9520.0163.62210.805.3720.2763.5514.186.0223.6956.11312.615.1719.9562.2711.874.4219.5464.16411.264.1120.0064.6310.575.2518.8865.29510.184.8620.1764.7910.265.0920.3864.27Mean11.024.9220.1563.9011.665.1520.5062.69SD1.00.50.21.01.50.61.93.7RSD (%)9.09.90.91.613.311.39.15.9Results are in percent (*m*/*m*)Table 5Nondestructive μ-XRF and ED-EPMA analysis of ZnInCrSe and CdGaCrSe single crystals compared with wet analysis (WDXRF and ICP-OES after sample digestion)CompoundsElementConcentration,% (m/m)Relative difference,%μ-XRFED-EPMAWet analysisμ-XRF vs. Wet analysisED-EPMA vs. Wet analysisZnInCrSeZn10.2 ± 0.110.3 ± 0.810.1 ± 0.61.02.0In8.3 ± 0.19.8 ± 0.68.7 ± 0.4−4.612.6Cr18.5 ± 0.118.3 ± 0.519.2 ± 0.7−3.6−4.7Se63.0 ± 0.261.7 ± 0.662 ± 1.61.6−0.5CdGaCrSeCd20.1 ± 0.322.9 ± 0.720.7 ± 0.9−2.910.6Ga0.26 ± 0.030.9 ± 0.40.4 ± 0.1−35.0125.0Cr20.3 ± 0.218.3 ± 0.520.8 ± 0.8−2.3−12.0Se59.3 ± 0.257.9 ± 0.758 ± 22.3−0.2

Considering further possibility of the nondestructive characterization of the selenide spinel crystals, the XPS method was also applied. XPS gives information only from the outer surface of the sample (up to approximately 10 nm); therefore, to evaluate the effect of the surface preparation on the results of analysis, two modes of measurements were checked. First, the chemical composition was analyzed based on the spectrum detected from the sample without previous surface cleaning (after about 1 h in vacuum, the first measurement was made and revealed at dirt surface, in atomic percents, 80.1% C, 16.4% O, 2.4% Se, 0.4% Cr, 0.4% Zn, 0.2% N, and 0.1% Cd). Next, the sample with a fresh surface obtained by scraping in situ in 10^−10^-hPa vacuum was measured (that time the composition was 62.4% Se, 22.1% Cr, 11.4% Zn, and 4.1% Cd, the contamination, i.e., C, O, and N, was less than 0.1%). Table [6](#Tab6){ref-type="table"} shows the results for Zn~0.81~Cd~0.20~Cr~1.99~Se~4~ crystal obtained with and without surface scraping; for comparison consistency in calculations for dirt surface, we omit contamination (C, O, and N). For comparison, the results of the μ-XRF, ED-EPMA, and wet analysis are also given. It turned out that the reliable chemical composition can be obtained only if the measurement is made for the fresh surface prepared by scraping in situ in 10^−10^-hPa vacuum. The accuracy of 10% is typically quoted for atomic concentrations routinely determined from the XPS experiments. However, the quantitative chemical analysis relies on several factors; therefore, standard assumptions may result in enormous errors in quantification \[[@CR19], [@CR20]\]. Also, the contamination of the surface is a source of serious errors. The best method in obtaining a free of contamination fresh surface is cleaving or scraping the crystal in situ in ultrahigh vacuum. The ion etching, commonly used for surface cleaning, may cause preferential sputtering in multielemental samples that leads to a change in their chemical composition. Besides, the investigations show that not only the preferential sputtering takes place (Fig. [5](#Fig5){ref-type="fig"}) but also some amount of contamination still remains. Moreover, in effect of the etching, the crystal surface may be deteriorated. The case is illustrated in Fig. [6](#Fig6){ref-type="fig"}, where the splitting of the 2*p*~3/2~ peak disappears after the sputtering. Moreover, a small broadening of the XPS bands is observed. The 2*p*~3/2~ peak splitting is typical for Cr^3+^ and can be observed only in the high-resolution measurements of surface of good-quality single crystals. The nature of the splitting is described in the literature \[[@CR3]\]. Table 6Nondestructive XPS, μ-XRF, and ED-EPMA analysis of ZnCdCrSe single crystal compared with wet analysis (WDXRF and ICP-OES after sample digestion)ElementXPS, without scrappingXPS, with scrappingμ-XRFED-EPMAWet analysisDetermined concentration, % (*m*/*m*)Zn7.0 ± 0.411.4 ± 0.310.73 ± 0.0812.1 ± 0.910.9 ± 0.8Cd2.4 ± 0.54.1 ± 0.34.5 ± 0.14.1 ± 0.64.4 ± 0.5Cr34.4 ± 0.622.1 ± 0.420.9 ± 0.220.4 ± 0.621.3 ± 0.9Se56.2 ± 1.162.4 ± 0.763.8 ± 0.263.4 ± 0.963 ± 1.5Relative differences (vs. wet analysis)Zn−364.6−1.611.0Cd−45−6.82.3−6.8Cr623.8−1.9−4.2Se−11−1.01.30.6Fig. 5Depth profiling analysis for the sample (ZnCdCrSe) without previous surface cleaning (**a**) and after scrapping the surface (**b**)Fig. 6Chromium 2*p* core levels for the contamination-free crystal fresh surface obtained by scrapping in ultrahigh vacuum and after sputtering. The surface deterioration by sputtering reveals as a disappearance of the 2*p*~3/2~ peak splitting

Conclusion {#Sec4}
==========

The present study shows satisfactory agreement between the results of the standardless μ-XRF analysis made by using the fundamental parameters method and the results obtained with the techniques requiring sample digestion (WDXRF and ICP-OES analysis using reference samples). The best accuracy can be obtained if the measured single crystal is precisely positioned. Then the difference between μ-XRF and wet analysis does not exceed 5% rel. The reliable results of ED-EPMA can be obtained only if the measured area is sufficiently large, i.e., of 200 × 300 μm. Even if this condition is fulfilled, the relative difference between the nondestructive ED-EPMA techniques and the wet analysis may reach 10%. Moreover, the high errors should be expected in the determination of elements at the concentrations below 1% (*m*/*m*). In case of the XPS analysis, the accuracy of results depends on the proper preparation of the sample surface. It should be free of contamination that can be obtained by scraping in situ in ultrahigh vacuum. The ion etching, commonly used for cleaning the surface, leads to preferential sputtering; therefore, the reliable results cannot be obtained.
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